The concept of the dynamic state of the body constituents is basic to an understanding not only of those processes which maintain the constancy of body composition, but also of those which are concerned with the phenomenon of growth. It is evident from the work of Schoenheimer' and his colleagues that the amount of protein in the animal body is determined by the rates of protein synthesis and breakdown which prevail. From this it follows that growth, which is associated with the accumulation of body protein, can occur only when the rates of metabolism of amino acids and proteins are so adjusted as to favor an increase in the amount of body protein. Thus accumulation of protein might result from a retardation of amino acid or protein catabolism, or by speeding up of the synthesis of protein, or conceivably, by all mechanisms operating simultaneously. It may readily be seen that the control of each of these processes by independent mechanisms would afford the animal a smooth means of regulation of growth. If the immature animal accumulates protein by retarding catabolic reactions, it is, of course, necessary to assume that in the adult these processes proceed at rates faster than during growth. On the other hand, if it is assumed that growth occurs as a result of the acceleration of protein synthesis, it must also be assumed that the rate of synthesis of protein declines as the animal matures. Expressed in a different way, these considerations imply that those agencies which regulate the rates of amino acid and protein metabolism are functions of the age of the animal, and in view of the remarkable effects of endocrine secretions on growth, it follows logically that the factors which regulate the rates of metabolism of amino acids and body proteins of the living animal are endocrine in nature.
Body proteins ; Amino acids -> Urea it Diet Since it is possible that amino acid and protein catabolism and protein synthesis are each equally likely to respond to changes in the endocrine environment, it is indeed difficult to relate the activity of a particular hormone specifically to a change in the rate of any one of these processes. A complete kinetic treatment of this problem would probably include such factors as amino acid and protein inhomogeneity, the possibility of multiorder reactions, etc. However, such an analysis presents formidable obstacles in the way of mathematical expression. Thus in order to find solutions which might reasonably describe the state of amino acids and body protein in the living animal, it has been found expedient to make assumptions and approximations which not only yield mathematical expressions of some simplicity, but which are, at the same time, susceptible to experimental test. Whether or not the assumptions so made are consistent with reality can best be determined by comparing the results which are obtained by these means with those which have been achieved by the use of other experimental approaches.
In the analysis which follows it is assumed that insofar as their utilization for synthesis and catabolism is concerned, the amino acids and body proteins constitute two separate homogeneous reservoirs of nitrogen. It is also assumed that the rate at which nitrogen moves out of a particular reservoir is proportional to the amount of nitrogen in that reservoir. In the absence of dietary nitrogen all of the amino acids of the animal are derived from body protein, and the concept of the dynamic state may be expressed in the form of the following equations: ks ki
(1) P ;± A -+ Urinary nitrogen k. (2) dA/dt = ksP -(k1 + k,) A (3) dP/dt = ksA -k3P
where P and A are, respectively, the amounts of protein and amino acid nitrogen in the dynamic state; ki is the fraction of A which, per unit time, t, is catabolized and excreted; k, is the fraction of A which, per unit time, is transformed into P; and k8
is the fraction of P which, per unit time, is transformed into A. The general solutions of (2) and (3) are: (4) A -ellCrIt + nerzt (5) P -Ment + Nerst where m, n, M, and N are constants of integration, and r, and rs are, respectively,
-( + k3k) / ks)2 -4k.k, and -(p + k3) r= -, where X = kjks . It will presently be shown that 8 is approximately 10-1 P + k, per hour, whereas ks and X are, respectively, approximately 10-2 per hour, and 10-3 per hour. Considering the relative magnitudes of p, ks, and X, it is evident that with increasing time, the exponential in rit decreases at a rate much faster than that in rtt, so that at the given time, t,, (4) and (5) become (6) At = net, 4
P4 =NeA,t where t, is chosen sufficiently large to cause the exponential in r,t, to vanish, and A4 and Pt are the respective values of A and P at time, t,. At any time, T, greater than t4, (6) and (7) become (8) AT = Ate (9) Pr = Pie"r where t, is zero with respect to T, and the subscript, T, denotes the values of A and P at time, T. Thus, after a fast of t, hours, the loss of amino acid and protein nitrogen is represented as a process of first-order decay. The amount of amino acid and protein nitrogen lost during this decline may be seen to depend not only upon the extent of protein breakdown (ks), but also upon the fraction of amino acids formed from protein which is catabolized and excreted (approximately equal to kl/(,8 + ks)).
Thus, for example, it might be anticipated that a hormone which accelerates the catabolism of amino acids, but which does not influence protein breakdown, will nevertheless accelerate the loss of body protein. Measurements of protein loss during fasting cannot, therefore, make clear the distinction between the processes of amino acid and protein breakdown. A quantitative relationship between A and P may now be derived. Rewriting (2) to account for the distinction between t and T yields (10) dAr/dT = ksPr -PAT Differentiating (8) and substituting the value of dAr/dT so obtained into (10) gives (11) (p -X)At = ksP4 or since »>>X, approximately (12) ,A. = k.Pt. Thus the foregoing treatment of the dynamic state leads to the conclusion that after fasting for t4 hours, the amount of amino acid nitrogen which enters the amino acid reservoir (ksP,) is approximately equal to the amount of nitrogen which leaves (8iAi).
The rate of nitrogen excretion is evidently (13) dN/dt = k1A where dN/dt is the rate of excretion of the nitrogen produced by the catabolism of A. From the relations expressed in (8) and (13) it may be anticipated that after a preliminary fast of t, hours, the rate of excretion of urinary nitrogen will begin to decline exponentially at the rate, X. That this conclusion has a basis in fact is indicated by the common observation that after the first day, the nitrogen output of fasting rats falls so slowly that it is difficult to detect day-to-day differences. With X of the order of 103 per hour, the expected daily fall in the rate of nitrogen excretion is approximately 2%. This is a difference which under ordinary conditions is difficult to demonstrate, since the number of animals required to provide data of statistical significance is unusually large.
A method for the measurement of k1, ks, and ks would, of course, provide the data necessary to relate the activity of a particular hormone specifically to the rate processes of amino acid and protein metabolism. Approximate values of k1, ks, and k3P. can be calculated from data obtained by the use of isotopic nitrogen (Nm). In addition, the effect of a given hormone on the value of ks alone can be estimated by taking into account the changes in the amount of body protein which follow alterations in the endocrine environment. It is therefore possible to describe in quantitative terms the effects of various hormones on each of the rate processes.
When glycine containing an excess of N' is administered to fasting rats, the excretion of isotopic nitrogen as urinary urea is as represented in the graph in Figure 1 . Here the fraction of the administered dose which is excreted is plotted against the time. It may be seen that after the first 48 hours, the rate of excretion of N'3 becomes exceedingly slow. The portion of the curve to the left of the broken line has been shown by Rittenberg16 to fit the empirical equation (14) x = p( 1-e-) where x is the fraction of the administered isotopic nitrogen excreted in t hours, and q and p are undetermined constants. The portion of the curve to the right of the broken line may be shown approximately to fit an expression of the same general form as (14) . Whereas the value of q calculated from (14) is approximately 10 (15) x U= -(1--e ) where x is as defined above, U is the amount of urinary nitrogen excreted per unit time, t, S is the amount of amino acid nitrogen which, per unit time, is incorporated into protein, and A is the amount of nitrogen in the amino acid reservoir. It is consistent with the assumptions mentioned in the mathematical analysis of the dynamic state that (15) is also equivalent to (16) E -k1a ( 1 -e-) where k1 and p are as previously defined, E is the amount of N' excreted in t hours, and a is the dose of administered N'. It should be noted that neither ks nor P appear in any of the isotope equations. This omission is justified on the grounds that the rate at which isotopic nitrogen is contributed to the amino acid reservoir by the breakdown of labelled protein is small as compared with the rates of utilization of the administered amino acid.
Equation (16) (12) may be used to calculate the rate of protein breakdown (ksP.). The analysis of the dynamic state during fasting suggests that after one or two days, the amount of nitrogen which leaves the amino acid reservoir (,8A.) is approximately equal to the amount which enters (ksP.). If, after such a fast, a small dose of an isotopic amino acid (containing a mg. of N') is administered, the system may be considered to remain undisturbed, i.e., the amino acid reservoir is not significantly expanded by the amount of nitrogen given.* It may readily be shown, using the relations already expressed, that for the conditions outlined above, the rate of protein breakdown may be calculated from the formula (20) ksP, = lOOa/C.T4 where C. is the isotope concentration (atom per cent excess) of the urinary urea which has been collected for T4 (6) and (7) administration of glycine to normal fasting rats. is nearly quantitatively fulfilled.
The curve in Figure 1 shows that the excretion of N' is an exceedingly rapid process during the first 24 hours. For this reason it is important that collections of urine are started as soon after the admin-* In the experiments described in this report, the amount of nitrogen in the isotopic glycine administered was equivalent to 2%o of the amino acid nitrogen content of the animals. istration of the labelled amino acid as is practicable. It is evident that accurate calculationis can be made only when the differences between E and Et are significant. Although it would be desirable to obtain frequent samples of urine, experience in this laboratory indicates that collections of urine 10 and 48 hours after the injection of isotopic glycine are most compatible with practicability. Samples obtained at some reasonable interval after 10 hours already contain amounts of isotopic nitrogen which preclude use in evaluating Equations (18) or (19) . Collections made at some time before 10 hours are likely to suffer from inaccuracy.
The values of Et, E, and ksP, have been calculated from the isotope concentration of the urinary total nitrogen rather than from the isotope concentration of the urea. However, the isotope concentration of the urea, as well as the amount of urea nitrogen, excreted by several animals in each group was measured in all experiments reported. The data obtained show that under whatever conditions the experiments were performed, the isotope concentration of the urea bore an almost constant relationship to that of the total nitrogen. The amount of N'5 excreted as urea accounted for 90 to 100%o of the isotope in the urinary total nitrogen.
Experimlental
Male rats of the Sprague-Dawley strain, 13-15 weeks of age, were used. Adrenalectomy and thyro-parathyroidectomy were performed by the usual procedures. Hypophysectomized Sprague-Dawley rats were obtained from a commercial laboratory.* Diabetes was induced by the intravenous injection of alloxan in a dose of 40 mg. per kilogram of body weight. The fasting blood sugar and the extent of weight loss were the criteria used to establish the presence of diabetes.
Adrenalectomized animals were provided with drinking bottles containing 1%o sodium chloride solution, and the thyro-parathyroidectomized rats with an aqueous solution containing 1.8%o calcium lactate and 0.2%o calcium chloride. All animals were fed Purina Fox Chow pellets preliminary to the experimental period.
Experiments were performed on adrenalectomized rats on the 6th postoperative day, on thyro-parathyroidectomized animals on the 30th postoperative day, and on hypophysectomized rats on the 28th postoperative day. Diabetic rats were used 14 days after the administration of alloxan. 
Results
Nitrogen metabolism of fasting normal and adrenalectomized rats. In Tables 1 and 2 are recorded the data obtained when the rate of excretion of N' was measured after the administration of isotopic glycine to fasting normal and adrenalectomized rats. In agreement with the reports of others5'8 it was found that the nitrogen output of fasting adrenalectomized rats is less than that of normal animals. It may be seen that this defect is 
t Calculated from 48-hour nitrogen output.
not related to any detectable abnormality in the catabolism of amino acids. However, the amount of amino acid nitrogen formed from body protein is significantly depressed by adrenalectomy (P < 1 %o ), while at the same time the fraction of amino acid nitrogen used for the synthesis of protein (k2) is greater than normal (P < 2%).
Comparison of the body compositions of normal and adrenalectomized rats has shown that the protein content of the latter is proportionately greater than normal.'7 The slower rate of protein breakdown associated with a deficiency of adrenal hormones must therefore be ascribed to a decrease in the magnitude of the rate constant, k3, denoting that the process of conversion of body protein to amino acids is inhibited. This effect is sufficient almost quantitatively to account for the fall in the output of urinary nitrogen. To a lesser extent the acceleration of protein synthesis is also responsible for the lower rate of excretion of nitrogen.
Other investigators have reported that adrenalectomy may be responsible for a defect in the deamination of amino acids,"0 or that the adrenal steroids specifically influence the rate of protein breakdown.' The stimulation of the process of protein formation, as observed in the present study, is consistent with the observation of White, et al., who administered NI glycine to fasting normal and adrenalectomized mice and found that the net uptake of N"' into the proteins of the internal organs, serum proteins, lymphatic tissue, and muscle was increased by adrenalectomy. Insofar as the metabolism of nitrogen is concerned, removal of the adrenal glands appears chiefly to influence protein metabolism; the rate of incorporation of amino acids into protein increases, and the rate of protein breakdown falls.
Effects of cold on the nitrogen metabolism of fasting normal rats. It is well known that adrenal hypertrophy follows exposure to cold." In order to study the changes in the metabolism of nitrogen which might be induced by overactivity of the adrenal glands, normal rats, each occupying a separate cage, were placed in a cold room at 40 C. Food and water were provided for 9 days. On the 10th day, while still in the cold room, the animals were subjected to a fast of 24 hours, after which N' glycine was administered. Fasting was continued, and the rate of excretion of N' was measured. Of the 12 rats subjected to this procedure, 2 survived for more than 36 hours after the injection of isotopic glycine. The data obtained in this experiment are recorded in Table 3 .
These results indicate that the catabolism of amino acids and body protein of normal fasting animals is considerably accelerated by severe cold, while the utilization of amino acids for protein synthesis declines. Consequent to these changes, the output of urinary nitrogen is strikingly increased. At autopsy of 9 of the 12 animals the average weight of the adrenal glands was 73.6 ± 2.1 mg., as compared with 37.3 + 3.5 mg. for 9 controls. Trhe adrenal weights of the 2 surviving rats were 81.3 mg. and 65.3 mg.
Involution of the thymus, spleen, and lymph nodes of the animals exposed to cold was notable.
Effects of thyro-parathyroidectomy. Data on the effects of thyroparathyroidectomy on the nitrogen metabolism of fasting rats are summarized in Table 4 . Comparison of these observations with those in Table 1 indicates that the catabolism of amino acids is significantly accelerated in the absence of the thyroid gland (P < 1%o), and that the rate of protein breakdown is less than normal (P < 1 o). In order to avoid the assumption that the body compositions of normal and thyro-parathyroidectomized rats are identical, the rates of protein breakdown are better compared when they are calculated for the whole animal, rather than per 100 gm. of body weight. When this is done it is found that the hypothyroid rats converted an average of 13.5 mg. of protein nitrogen to amino acid nitrogen, each hour, as compared with 20.1 mg. for the normal group, a decrease of 33%o.
Addis, et al.,' who compared the protein contents of normal and thyroidectomized rats found that the latter contained only 17% less protein than normal. Thus it follows that in the absence of the thyroid hormone, the mechanisms which bring about the breakdown of body protein are operating at a lower level than normal.
Although the rate of protein breakdown is diminished by thyroparathyroidectomy, the concomitant increase of amino acid catabolism appears to be sufficient to cause a slight increase over normal in the rate of excretion of urinary nitrogen (P < 5%7). That the urea output of hypothyroid rats is not less than normal has also been reported by Persike," and confirmed by Rupp, et al. '7 The latter also showed that the administration of small doses of thyroxin to thyroidectomized rats brought about the retention of nitrogen. It will be noted that the rate of incorporation of amino acids into protein is not significantly different from normal.
Effects of adrenalectomy on the nitrogen metabolism of thyroparathyroidectomized rats. The acceleration of amino acid catabolism exhibited by normal animals subjected to cold suggests that hyperactivity of the adrenal cortex may be responsible for the effects observed. Since thyro-parathyroidectomized animals also catabolize amino acids at a high level, the influence of adrenalectomy on the nitrogen metabolism of these animals was investigated. The data obtained from this study are shown in Table 5 . Removal of the adrenal glands did not bring about a decline in the value of k1 in thyro-parathyroidectomized rats. It is also evident that adrenalectomy appears to be responsible for stimulation of protein synthesizing reactions whether performed on normal or hypothyroid rats.
(P<1%).
Although amino acid catabolism is accelerated, the nitrogen output is significantly lower in the absence of both the adrenal and thyroid glands than after extirpation of either gland alone. The decrease in the excretion of nitrogen may readily be accounted for by the conspicuous fall in the rate of conversion of body protein to amino acids.
Effects of hypophysectomy and of the admiinistration of adrenocorticotrophic hormione to hypophysectomiized rats. Evidence has been presented above to show that a high rate of amino acid catabolism is related to adrenal hyperactivity. The adrenal steroids also seem to influence the metabolism of protein by increasing the rate of protein breakdown and decreasing the utilization of amino acids for protein synthesis. In order to obtain information relating the adrenal glands more specifically to these processes, a study was made of the effects of adrenocorticotrophic hormone (ACTH) on the nitrogen metabolism of fasting hypophysectomized rats. Two-tenths (0.2) ml. of a 0.5%o solution of ACTH* in isotonic saline was administered by intraperitoneal injection to hypophysectomized rats 4 * Kindly made available by Armour and Co., Chicago, Illinois. times daily for 7 days. Each rat thus received 4 mg. of the hormone each day. On the 6th day of treatment, isotopic glycine was administered, and the rate of excretion of N' was measured. The results obtained with the Tables 6 and 7 . These data show that the catabolism of amino acids in fasting hypophysectomized rats is significantly greater than normal (P < lo), and that this process was not measurably influenced by ACTH. On the other hand, the rate of protein catabolism, which is depressed in the absence of the pituitary gland, is notably increased (P < 1%o), while the value of k2
is significantly diminished by the treatment (P < 1%o). It is interesting that the value of k2 tends to be greater than normal in hypophysectomized rats (P < 5%o).
Under the conditions employed in these experiments, the nitrogen output of hypophysectomized rats does not appear to be different from normal. The explanation of this observation in terms of the rates of nitrogen metabolism is similar to that offered in the case of the thyro-parathyroidectomized animals, i.e., the acceleration of amino acid catabolism compensates for the fall in protein catabolism. The rise in the output of nitrogen following treatment with ACTH appears to be a consequence of a more rapid rate of protein breakdown and of a decline in the rate of incorporation of amino acids into protein.
Effects of growth hormone on the nitrogen mnetabolism of hypophysectomized rats. It is well known that the administration of anterior pituitary extracts or growth hormone either to normal or hypophysectomized rats is followed by a decrease in the output of urinary nitrogen. In order to relate this effect to specific processes involved in the metabolism of * Supplied through the courtesy of Dr. A. E. Wilhelmi, Department of Physiological Chemistry, Yale University School of Medicine. The growth hormone was estimated to be 95% homogeneous by electrophoresis. amino acids and body protein, growth hormone was administered to hypophysectomized rats, and a study made of the rate of excretion of NTh after the injection of isotopic glycine. Two-tenths ml. of a 0.5% solution of crystalline growth hormone* in isotonic saline was administered by intraperitoneal injection to hypophysectomized rats 3 times daily for 3 days. Each rat thus received 3 mg. of the hormone each day. On the second day of treatment isotopic glycine was injected, and the rate of excretion of N"5 was measured in the usual manner. Comparison of the data in Tables 6 and 8 show that growth hormone reduced the value of ki to a normal level (P < 1%o). A similar effect of growth hormone on the catabolism of amino acids has been reported by Russell and Cappiello," who observed that the accumulation of urea in the blood of nephrectomized rats receiving a mixture of amino acids is depressed by growth hormone. It will be noted that growth hormone did not appear to influence the rate of protein breakdown or the rate of utilization of amino acids for the synthesis of protein.
Effect of growth hormone on the nitrogen metabolismi of thyroparathyroidectomized rats. The data of Table 5 would seem to exclude the possibility that the acceleration of amino acid catabolism in hypothyroidism is due to hyperactivity of the adrenal cortex. Thus it may be that either the synthesis or secretion of growth hormone is depressed in the absence of the thyroid gland, or that the peripheral activity of growth hormone depends upon thyroxin for its expression. To distinguish between these mechanisms, growth hormone* was administered to thyro-parathyroidectomized rats. The dosage used, and the schedule of injections were as described earlier.
The data of Table 9 show that growth hormone does indeed repress the catabolism of amino acids in the absence of the thyroid gland (P < 1%fo). On the other hand, the data indicate that the treatment did not evoke a change in the rate of protein breakdown. It should be noted, however, that the rate of incorporation of amino acids into protein was significantly increased by the hormone (P < 1%o).
It has already been shown that removal of the adrenal glands brings about a profound fall in the rate of protein breakdown of thyro-parathyroidectomized rats. The failure of growth hormone to produce a similar effect in hypothyroid animals is therefore consistent with the hypothesis that the effects of growth hormone on the metabolism of protein are not due to a direct repression of the activity of the adrenal cortex or to the peripheral inhibition of the protein catabolic effects of the adrenal steroids.
Effect of growth hormone on the nitrogen metabolism of adrenalectomized rats. The experiments described earlier in this report show that although growth hormone inhibits the catabolism of amino acids in the absence of the hypophysis or thyroid gland, no significant changes in the metabolism of protein were detected in the absence of the pituitary gland. On the other hand, it has been shown that growth hormone does accelerate the synthesis of protein in thyro-parathyroidectomized animals. Since the activity of the adrenal cortex is low in hypophysectomized animals, the possibility must be considered that growth hormone does not influence protein synthesis in the absence of the adrenal cortex. In order to test this hypothesis, growth hormone, in the dosage already mentioned, was administered to adrenalectomized rats. The data in Table 9 show that growth hormone did not influence protein metabolism in these animals. On the other hand it may be seen that a significant fall in the rate of catabolism of amino acids occurred (P < 1%o), suggesting that the effect of growth hormone on amino acid catabolism is independent of the adrenal cortex.
It has previously been reported that the nitrogen output of adrenalectomized animals is lowered by the administration of anterior pituitary extracts." It may be noted in Table 10 that the nitrogen output of growth hormone-treated adrenalectomized rats is also less than that observed in * Supplied by Armour and Co. through the kindness of Dr. Irby Bunding. untreated controls (P < 1 %). This may be accounted for entirely in the depression of amino acid catabolism resulting from the treatment.
The data in Tables 9 and 10 indicate that the synthesis of protein is accelerated by growth hormone only in the presence of the adrenal cortex. It has already been suggested that growth hormone does not influence either amino acid or protein metabolism by repressing the activity of the adrenal cortex. Nevertheless, it would appear that adrenal steroids must be present in order that growth hormone may increase the rate of utilization of Nitrogen metabolism in alloxan-diabetes. Previous investigators have suggested that the nitrogen-sparing action of anterior pituitary extracts is exerted through effects on the islets of the pancreas.1' Since insulin has been shown to inhibit the accumulation of amino nitrogen in the blood of eviscerated rats,718 it might be anticipated that in diabetes the rate of incorporation of amino acids into protein is slower than normal. In Table 11 are recorded the data obtained when the rate of excretion of N" was studied after the administration of N' glycine to alloxan-diabetic rats. These data show that in diabetes the catabolism of amino acids and body protein is significantly accelerated. Attention should also be directed at the value of the rate constant, k2, which is lower than any value previously observed. It will be noted that the depression of protein synthesis and the acceleration of protein breakdown are similar to those effects resulting from the administration of ACTH to hypophysectomized rats. Thus it is difficult in this experiment to distinguish between effects which on the one hand might be due to the absence of insulin, and on the other, to the presence of a high concentration of adrenal steroids. For this reason N'5 glycine was Table 12 that after removal of the adrenal glands from diabetic animals, the rapid breakdown of amino acids and body protein ceases, and, indeed, is reduced to the same levels as previously described for adrenalectomized-non-diabetic animals. However, the rate of utilization of amino acids for the synthesis of protein remains depressed, indicating that it is the absence of insulin, rather than adrenal hyperactivity, which is directly responsible for the low rate of protein synthesis. This suggests that the adrenal steroids inhibit the utilization of amino acids in anabolic reactions by bringing about the inactivation of insulin, or by otherwise nullifying the peripheral effects of insulin. This view is supported by Ingle's'5 observation that in diabetic rats, tolerance to insulin is markedly increased by the administration of 17-hydroxy-11-dehydrocorticosterone (Kendall's Compound E). Influence of Compound E on the nitrogen metabolism of adrenalectomized and adrenalectomnized-thyro-parathyroidectotized rats. Data have been presented which indicate that both the adrenal cortex and the thyroid gland influence the rate of conversion of body protein to amino acids. It seemed of interest to determine to what degree the hormones of the adrenal cortex influence the breakdown of body protein in the absence of the thyroid gland. For this purpose a suspension of Compound E in peanut oil was prepared in a concentration of 8 mg. per ml. Two mg. of Compound E (0.25 ml. of the suspension) were injected subcutaneously into adrenalectomized and adrenalectomized-thyro-parathyroidectomized rats two hours before the administration of isotopic glycine, and again 10 hours after the injection of isotope. These doses were again administered on the following day. The data in Tables 13 and 14 show that Compound E accelerates the catabolism of amino acids in adrenalectomized rats (P < 1 %), and also significantly raises the level of amino acid catabolism in adrenalectomized-thyroparathyroidectomized rats (P < 1%o). It is evident that the treatment also caused a marked increase in the rate of protein breakdown in the adrenalectomized animals (P < 1o), and almost doubled the rate of protein breakdown in the adrenalectomized-thyro-parathyroidectomized rats. Although the rate of protein catabolism induced by the treatment tends to be less marked in the doubly operated group, the hormone tended to increase the rate of protein catabolism in these animals above that observed in untreated thyro-parathyroidectomized rats (P < 5%). It will also be noted that in both groups of animals the values of k2 are significantly less than in the untreated controls (P < 1%7o, in each instance). It is of considerable interest that this effect is significantly more pronounced in the hypothyroid animals (P < 1 % ).
Discussion
The results of the experiments described in this report provide additional evidence to support the view that the metabolism of amino acids and body proteins is significantly influenced by secretions of the endocrine glands.
Endocrine regulation of amino acid catabolism. The data which have been presented show that in fasting rats the catabolism of amino acids is accelerated by adrenal cortical steroids and is depressed by the pituitary growth hormone. Since the depression of the catabolism of amino acids by growth hormone is observed in adrenalectomized animals, it may be concluded that in the intact animal this effect is not produced by repression of the activity of the adrenal cortex. The acceleration of amino acid breakdown which follows thyroparathyroidectomy would also seem to be independent of the function of the adrenal cortex. This suggests that in hypothyroidism the rapidity of breakdown of amino acids is due to a release of the catabolizing system from the inhibitory influence of growth hormone. The observation that in hypophysectomized rats the catabolism of amino acids proceeds at approximately the same rate as in thyro-parathyroidectomized animals is consistent with this view. The marked effect of Compound E in accelerating the catabolism of amino acids of adrenalectomized-thyro-parathyroidectomized rats therefore favors the concept that in the intact animal the cortical steroids do not exert a direct effect on the activity of growth hormone. It would follow from the above that ACTH should accelerate the catabolism of amino acids when administered to hypophysectomized rats. This was not observed in the experiments reported here. However, it should be pointed out that the effect of the adrenal cortex on the catabolism of amino acids does not appear to become manifest until the level of cortical activity is greater than normal. It is therefore possible that under the conditions of the experiment referred to above, the required activity of the adrenal cortex was not obtained.
The question might well be raised as to the nature of the mechanism which, in the absence of the thyroid gland, leads to a decline in the activity or amount of growth hormone. The data in Table 9 would suggest that the peripheral activity of growth hormone does not depend upon the presence of thyroxin, for a significant depression of amino acid breakdown occurred when growth hormone was administered to thyro-parathyroidectomized rats. This indicates that the secretion or synthesis of growth hormone is strongly influenced by the activity of the thyroid gland. The fact that growth hormone depressed the level of amino acid catabolism in hypophysectomized animals is also consistent with this view. It has been reported,' however, that the treatment of hypophysectomized rats with anterior pituitary extracts and thyroxin results in a more rapid rate of growth than when either of these preparations is administered separately, suggesting that thyroxin potentiates the activity of growth hormone.
Whether or not the growth-promoting effects achieved by the combination of these hormones is entirely related to the repression of amino acid catabolism cannot be stated at this time.
The data obtained from diabetic animals would seem to exclude the possibility that the inhibition of amino acid catabolism induced by growth hormone is exerted by an effect on the pancreas. Although the catabolism of amino acids is considerably accelerated in fasting diabetic animals, the data in Table 12 show that after adrenalectomy, the level of amino acid catabolism is restored to normal. This interpretation is consistent with the observations of Russell and Cappiello,' who showed that in nephrectomized rats, insulin does not reproduce the effect of growth hormone in depressing the rate of formation of urea from administered amino acids. It has long been suggested' that the alleviation of diabetes induced by adrenalectomy might in part be explained as being due to a depression of amino acid and protein catabolism, with a concomitant fall in the rate of gluconeogenesis. The results of the experiments reported in the present communication provide additional evidence to support this view. Experiments (unpublished) recently performed in this laboratory with isotopic nitrogen show that in fasting rats the conversion of ammonia to urea is far too rapid to offer the possibility that the hormonal regulation of amino acid catabolism is concerned with the operation of the KrebsHenseleit cycle. Moreover, when ammonium citrate, labelled with N', was administered to fasting hypophysectomized rats, the rate of formation of isotopic urea was not lowered by growth hormone. Thus it may be that in the fasting intact animal the rate of urea formation is determined by the rate of deamination of amino acids. It is on this process that the influence of growth hormone and the adrenal steroids would seem to be exerted.
It follows from the foregoing considerations that during fasting the intact animal possesses two independent means for the hormonal regulation of amino acid catabolism. During growth the retention of nitrogen resulting from a diminution in the catabolism of amino acids might conceivably be brought about either by the secretion of "extra" growth hormone, or by the suppression of adrenal cortical activity. The first of these two possible mechanisms is more consistent with the evidence presented in this report, for in the adult animal the catabolism of amino acids does not appear to be depressed by adrenalectomy. This may also be interpreted to indicate that in the absence of stress the adrenal cortex has but little quantitative influence on the catabolism of amino acids.
Hormonal regulation of protein breakdown. The experiments presented in this communication indicate that the rate of conversion of body protein to amino acids is increased by the adrenal cortical steroids (e.g. Compound E), and is depressed in the absence of the adrenal, thyroid, or pituitary glands. Removal of both adrenal and thyroid glands brings a decline in the rate of protein breakdown which is greater than when either of these organs is removed separately. This suggests either that the thyroid and adrenal hormones operate in synergy to mobilize amino acids from body protein, or that the proteins susceptible to Compound E-induced breakdown are qualitatively different from those whose destruction is induced by the activity of the thyroid gland. White and Dougherty,' who studied the effects of endocrine secretions on the loss of protein during fasting, have suggested that the mobilization of nitrogen from the carcasses of fasting mice is under thyroid control, whereas the breakdown of the proteins of lymphatic tissue is directly regulated by the adrenal hormones. They have also suggested that by indirect action, i.e., via the thyroid gland, the adrenal steroids may also bring about the breakdown of carcass protein. They suggest further that the adrenal and thyroid hormones may also exert a synergistic effect on protein catabolism.
It will be recalled ( Tables 13 and 14 ) that the administration of Compound E to adrenalectomized-thyro-parathyroidectomized rats causes a striking acceleration of protein breakdown. It can be calculated from the amount of nitrogen excreted by these animals that in two days, proteincontaining tissue* equivalent to 8% of the body weight must have been destroyed. This would seem to be somewhat in excess of that which might be estimated to arise from non-carcass sources and suggests that the proteins of the rat carcass are indeed sensitive to the catabolic effects of the cortical hormones whether or not the thyroid gland is present.
An estimation of the amount of body protein which is readily available for conversion to amino acids provides additional information relative to the hormonal regulation of protein catabolism.
The amount of body protein which is susceptible to breakdown during fasting is defined in Equation (11) . In the logarithmic form this expression is (21)t X = 2T log p * Assumed to contain 15% protein.
t Although as derived, the use of this equation is limited to the period of starvation following a preliminary fast of one or two days, theoretical considerations indicate that little error is introduced into the calculations which follow when this condition is not met.
Since P is the amount of protein remaining in the animal after a fast of T days, (21) 47% of the total protein of the fasting rat is estimated to be susceptible to breakdown at the rate, k3. The remaining 53%, it must be assumed, yields its amino acids at a much slower rate. On this basis the degree of lability of a tissue, measured in terms of its protein content, would be proportional to the amount of protein in that tissue in the more labile state. Thus the difference in apparent labilities of the total protein contents of the various tissues and organs would largely disappear. For example, from the data of White and Dougherty, it can be calculated that if 50% of the carcass protein of the mouse is susceptible to rapid breakdown, 25% of this labile protein would be lost during a fast of 48 hours. Assuming that 100% of the protein of lymphatic tissues is similarly labile, 31%o would be lost from these animals in the same period.
Thus the point may be made that measurements of protein loss during fasting would not seem to provide evidence sufficiently definitive to show that the protein content of an individual organ is specifically influenced by a hormone. It is more consistent with present evidence that the effect of hormones which induce the acceleration of protein catabolism express their activities in a non-specific manner. It may also be tentatively assumed that the thyroid hormone potentiates the protein-catabolic effects of the adrenal cortical steroids.
Hormonal regulation of protein synthesis. The results of the experiments presented in this report show that the biochemical reactions leading to the formation of protein are accelerated in adrenalectomized and hypo-physectomized rats, and, when the adrenal glands are intact, in animals treated with growth hormone. On the other hand, the synthesis of body protein is diminished in those animals in which the adrenal cortex is hyperactive, or, when the adrenal glands are removed, in diabetic animals. It is clear from these observations and from the work of others that insulin is required in order for the synthesis of protein to take place at normal or accelerated rates. It would therefore appear that the acceleration of the conversion of amino acids to protein in adrenalectomized and hypophysectomized rats is to be attributed to an increase in the effective concentration of insulin, a view which is consistent with the fact that adrenalectomized and hypophysectomized animals are hypersensitive to insulin.
The fact that ACTH brings about a depression of protein formation in hypophysectomized rats indicates that insofar as the metabolism of protein is concerned, insulin, rather than growth hormone, is the target at which the activity of the adrenal cortical hormones is directed. Recent data (unpublished) obtained in this laboratory show that in hypophysectomized rats the depression of protein synthesis resulting from the administration of ACTH is partially reversed by growth hormone. On the other hand it was found that growth hormone did not inhibit the protein-catabolic effects of ACTH. Earlier in this report it was pointed out that growth hormone does not repress the breakdown of protein in hypophysectomized and in thyroparathyroidectomized rats. Similar effects (unpublished) have recently been observed when growth hormone was administered to normal animals. Although the synthesis of protein was increased by the treatment, no depression of protein catabolism was observed. The available evidence is therefore consistent with the hypothesis that growth hormone accelerates the synthesis of protein by inhibiting the adrenal-induced inactivation of insulin, or by inhibiting those effects of the adrenal cortical steroids which oppose the peripheral effects of insulin.
The data in Table 14 show that in hypothyroidism, Compound E induces a greater diminution in the rate of conversion of amino acids to protein than when the thyroid gland is present. This may be interpreted as indicating that in the absence of thyroxin the anabolic effects of insulin are more readily influenced by adrenal cortical activity, suggesting that the thyroid gland is concerned with the regulation of the secretion or synthesis of growth hormone. It may be recalled that a similar suggestion was offered to explain the effects of hypothyroidism on the catabolism of amino acids. Although it might be anticipated that the rate of conversion of amino acids to protein would be less than normal in hypothyroidism, the data in Table 4 do not support this expectation. However, these data would be consistent with the foregoing hypothesis if it can be demonstrated that the activity of the adrenal cortex is depressed in the absence of the thyroid gland.
The biochemical reactions which are so modified by insulin as to bring about a faster rate of utilization of amino acids for the synthesis of protein have not been identified. Charalampous and Hegsted' have recently reported that the acetylation of p-aminobenzoic acid is depressed in diabetic rats and suggest that a primary deficiency of adenosine triphosphate (ATP) is responsible for this effect. This hypothesis is supported by the observation of Kaplan and Greenbergl' that an increase in the uptake of Pa into liver ATP can be demonstrated after the administration of insulin. If the formation of peptide bonds occurs in a manner analogous to the acetylation of amines, other evidence'2 would seem to indicate that the depression of protein synthesis observed in diabetic rats may also be assumed to be due to a deficiency in ATP. In any event the relationship of insulin to energyyielding processes would seem to support the hypothesis that in the living animal, the rate of utilization of amino acids for the synthesis of protein is determined by the rates of those reactions which supply the energy required for the formation of peptide bonds. It would seem to be consistent with this that the major effects of those hormones which influence the synthesis of protein are exerted on those reactions which yield the energy required for the synthesis of peptide bonds.
It is evident that the rate of protein formation can be limited not only by the rate at which energy is provided, but also by such important and variable elements as the availability of amino acids, the concentrations of energy-yielding substrates, the amounts and activities of the enzymes which direct syntheses, etc. In addition, there are factors which must determine the qualitative properties of protein structures, i.e., which direct the synthesis of a particular "kind" of protein. The results of the present study do not at all exclude the possibility that hormones may indeed specifically influence any one or all of these factors. They do demonstrate, however, that the endocrine secretions strongly influence the rate of utilization of amino acids for the formation of protein through their influence on energy-yielding reactions.
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